. 2017. Psychrotolerant microfungi associated with Deer Mice (Peromyscus maniculatus) in a white-nose syndrome positive bat hibernaculum in eastern Canada. Canadian FieldNaturalist 131(3): 238-245. https://doi.org/10. 22621/cfn.v131i3.1906 With the exception of recent work on bats, no reports on the fungi present on live mammals in underground habitats have been published. We cultured psychrotolerant fungi from the external surface and faeces of live Deer Mice (Peromyscus maniculatus), and from the intestinal contents of a single freshly killed P. maniculatus, overwintering in a white-nose syndrome positive bat hibernaculum and from adjacent summer forest in eastern Canada. A low diversity of psychrotolerant fungi was cultured from P. maniculatus compared with that found in previous studies of the mycoflora of bats and arthropods occupying bat hibernacula in the region. Although the grooming habits of P. maniculatus may reduce the accumulation of a diverse psychrotolerant fungal assemblage on their external surface, we demonstrate that active euthermic mammals in underground habitats can carry viable spores of psychrotolerant fungi, both externally and internally. Small rodents using cave habitats may also play a role in dispersing psychrotolerant fungi between caves and suitable low-temperature habitats (i.e., burrows) in adjacent forest.
Introduction
Mammals introduce organic matter, including fungal spores, into underground habitats, where nesting material, food caches, scat, carcasses, and shed hair and skin serve as substrates for various fungi (Nelson and Smith 1976; Jurado et al. 2010) . The introduction to North American caves and cave-like habitats (i.e., mines; hereafter we include such habitats under the generic term "caves") of the psychrotolerant (cold-tolerant) fungus Pseudogymnoascus destructans, causative agent of the lethal bat disease, white-nose syndrome (WNS; Lorch et al. 2011) , has prompted increased interest in the mycology of caves. However, with the exception of recent work focusing on bats (Johnson et al. 2013; Vanderwolf et al. 2013 Vanderwolf et al. , 2016a Lorch et al. 2015) , no reports on the fungi present on live mammals in caves have been published. In addition, the literature on how psychrotolerant fungi might be dispersed from cave habitats is limited (Stephenson et al. 2007; Vanderwolf et al. 2016a,b) .
Deer Mice (Peromyscus maniculatus Wagner, 1845) are a common and widespread North American small rodent that may reside in small numbers in caves, where available, during the winter (Trevor-Deutsch 1973) . During the warmer months, this species disperses into surrounding woodland, staying relatively close to cave entrances in spring and early summer and ranging farther afield in late summer (Fenton 1970; Trevor-Deutsch 1973) . Here we report on psychrotolerant fungi associated with overwintering P. maniculatus using cave habitat in eastern Canada, where overwintering bat populations were severely reduced after the 2011 arrival of the fungus Pseudogymnoascus destructans to the area (McAlpine et al. 2011) . As a comparison, during the summer months, we also sampled fungi on mice from forest adjacent to this cave habitat.
Methods

Winter Sampling
Peromyscus maniculatus were live-trapped in Dorchester Mine, an abandoned copper mine and bat hibernaculum near Sackville, New Brunswick, 11-14 March 2014 (42 trap nights). Two trap sizes were used: 5.1 × 6.4 × 16.5 cm and 7.7 × 8.9 × 22.9 cm (H. B. Sherman Traps, Inc., Tallahassee, Florida, USA). All traps were soaked in fungicide and rinsed prior to sampling. Traps were baited with a mixture of peanut butter and oats, furnished with cotton nesting material, checked daily, and re-baited as required. Traps were placed on the floor and on ledges along the walls adjacent to a mouse nest (1-2 m above the floor; Figure 1A ), approximately 45-80 m from the mine entrance. The temperature in Dorchester Mine was measured using ibuttons (model DS1920-F5, Maxim Integrated Products Inc., Sunny-vale, California, USA) in the manner of Vanderwolf et al. (2012) .
Each trapped mouse was transferred to a fresh plastic bag for swabbing by inverting the trap over the bag. Two swabs per mouse were taken using a new, sterile, dry, cotton-tipped applicator for each swab. The swabs were rubbed over the fur both dorsally and ventrally. Af ter swabbing, the applicator was immediately streaked across the medium surface in a petri plate. Three diluting streaks were completed in the mine within 1 h of the initial streak, after which plates were sealed in situ with parafilm (Pechiney Plastic Packaging, Chicago, Illinois, USA). Two media types were inoculated for each mouse: dextrose-peptone-yeast extract agar (DPYA) and Sabouraud-dextrose agar (SDA), both of which were infused with the antibiotics chlortetracycline (30 mg/L) and streptomycin (30 mg/L). Mice were not directly handled or marked during any part of the procedure and were immediately released after sampling. One mouse was removed from the mine after swabbing of its external surface (New Brunswick Museum specimen 12946), euthanized using isoflurane, and the contents of its stomach, small intestine, and large intestine were spread on separate petri plates containing DPYA medium with no dilution.
Faeces produced by mice held in bags were transported to the lab for processing. Faeces (~3 pellets per mouse) were suspended in 100 mL of autoclaved water and vigorously shaken for 10 minutes. The sample was then serially diluted five times, with 10 mL of each successive solution mixed with 90 mL of water. For each of the five dilutions, plus the undiluted sample, 10 mL were spread over the surface of separate petri plates containing hardened DPYA medium.
Summer Sampling
On the night of 27 August 2014, mice were trapped with live traps (100 trap nights) baited with bird seed adjacent to the entrance of Dorchester Mine. All traps were soaked in fungicide and rinsed the day before use. Mice were processed using the methods described above, except that faeces and intestinal contents were not collected. Three mice were swabbed twice, with one swab inoculated on DPYA medium and the other on SDA medium. For all other mice, only one swab was taken and inoculated on DPYA medium because of contamination issues with the SDA medium. THE CANADIAN FIELD-NATURALIST Vol. 131
Fungal Culturing and Data Analysis
In the laboratory, samples were incubated, inverted, in the dark at 7°C in a low-temperature incubator (Model 2015, VWR International, Mississauga, Ontario, Can ada) to approximate the subterranean environment and target psychrotolerant fungi. Samples were monitored over four months until either no new cultures had appeared for three weeks, or the plate had become overgrown with hyphae. Once fungi began growing on the plates, each distinct colony was subcultured to a new plate. DPYA without oxgall and sodium propionate was used for maintaining pure cultures (Figure 2 ). Identifications were carried out by comparing the micro-and macro-morphological characteristics of the microfungi to those traits appearing in the taxonomic literature and compendia (Domsch et al. 2007; Seifert et al. 2011) and by comparing isolates to a reference collection of fungi assembled from previous studies in underground habitats in the region, which were identified using a mix of morphological and molecular methods (Vanderwolf et al. 2013 (Vanderwolf et al. , 2016a . Permanent desiccant-dried vouchers of the collected fungi are deposited in the New Brunswick Museum mycological collection (NBM numbers F-05152-05155, 05161, 05163-05169, 05246-05256, 05359, 05364-05370, 05394-05400, 05521, 05626).
The numbers of fungal taxa per mouse were not normally distributed and subsequently were square-root transformed. A two-sample t test was used to compare the number of fungal taxa per mouse for winter mice versus summer mice using Minitab software (Minitab Inc., Pennsylvania State University, Pennsylvania, USA).
Results
Winter Sampling
Six P. maniculatus were captured (two per night) during three days of sampling in Dorchester Mine. Nine fungal taxa and one sterile morph were cultured from the fur of mice sampled in the mine, with a mean of 2.83 fungal taxa per individual (standard deviation [SD] 0.75, range 2-4, n = 6 mice). The second swab contributed 0.67 fungal taxa (SD 0.82, range 0-2) that were not detected with the first swab. The most common fungal taxa were Pseudogymnoascus pannorum senso lato (100% of mice; this fungal taxon is polyphyletic, S. Hambleton, personal communication to K.J.V.) and Penicillium spp. (50%), while all other taxa were isolated from a single mouse each (Table 1) .
Twelve fungal taxa and multiple sterile morphs were isolated from faeces collected from four mice, with a mean of 6.0 fungal taxa per individual (SD 2.83). Two mice did not produce scat before release. The most common fungal taxa cultured from feces were Mucor spp. (100% of mice, n = 4), Pseudogymnoascus pannorum senso lato (75%), Penicillium spp. (75%), Cephalo trichum stemonitis (50%), Thelebolus crustaceus (50%), and Leuconeurospora capsici (50%), while all other taxa were isolated from a single mouse each (Table 1) . Most fungal taxa were obtained from the undiluted sample and the first dilution; the fifth dilution produced no cultures. Seven fungal taxa plus one sterile morph were isolated from mouse gut contents.
The mean temperature in Dorchester Mine during the sampling period, March 2014, was −0.98°C (SD 1.24) in the twilight zone and 6.63°C (SD 0.00) in the dark zone. The twilight zone ibutton was located 3 m inside the entrance. The mean temperature outside the mine, approximately 20 m from the entrance and above snow cover, was −2.49°C (SD 5.31). Mice were generally observed on wall ledges and the floor deeper in the mine ( Figure 1B) where air temperatures were warmer, and where they were subsequently captured.
Summer Sampling
Twenty-two fungal taxa plus five sterile morphs were cultured from 15 mice, with a mean of 4.87 fungal taxa per mouse (SD 2.13, range 2-8). Female mice (n = 8) carried a mean of 4.75 (SD 2.31) fungal taxa and males (n = 5) carried 4.6 (SD 2.30). Two mice escaped before sex was determined. The second swab contributed two fungal taxa (SD 2, range 0-4, n = 3 mice) that were not detected with the first swab. The most common fungal taxa were Mucor sp. (87% of mice), Penicillium sp. (Table 1) . Summer mice captured outside the cave carried a significantly higher number of fungal taxa per individual than winter mice sampled inside the cave (t 1,18 = −2.48, P = 0.024). The mean temperature in Dorchester Mine during August 2014 was 13.65°C (SD 0.76) in the twilight zone and 6.59°C (SD 0.00) in the dark zone. The mean temperature outside of the mine, approximately 20 m from the entrance, was 18.12°C (SD 4.21).
Discussion
Mice sampled during our study carried few fungi capable of growing at typical eastern Canadian dark zone cave temperatures, although summer mice carried a higher diversity of psychrotolerant fungi compared with mice swabbed during the winter. The psychrophilic Pseudogymnoascus destructans was not detected on mice, but isolates of a closely related species complex, Pseudogymnoascus pannorum senso lato, was cultured from all mice sampled during the winter and on half the mice sampled during the summer.
Although only two bats (either Little Brown Myotis [Myotis lucifugus] or Northern Long-eared Myotis [M.
septentrionalis]) were present in Dorchester Mine during the winter 2014 sampling period, viable P. destructans was present and was cultured from both walls ( Vanderwolf et al. 2016c ) and arthropods (Vanderwolf et al. 2016b) in the mine.
Pseudogymnoascus pannorum is commonly found on various substrates in caves, including hibernating bats (Johnson et al. 2013; Vanderwolf et al. 2013) , and has been isolated from the fur of wild voles, shrews, mice, and rabbits outside caves (Hubalek et al. 1979; Chabasse 1988) , as well as scat from Arctic Ground Squirrel (Spermophilus parryii; Kobayasi et al. 1967) .
Pseudogymnoascus pannorum appears to be a common component of the mycobiome of mammalian fur. However, P. pannorum is polyphyletic and the resolution of the species complex may reveal different ecological patterns. Outside caves, the fungal diversity detected on mammals has generally been low. For example, the number of fungal isolates per Persian Squirrel (Sciurus anomalus; n = 60) varied from 0 to 4 (mean 2.6, SD 0.83) with 23 fungal species from 17 genera isolated overall (Rostami et al. 2010) . Sierra et al. (2000) studied fungi on the fur of 85 Domestic Cats (Felis catus) and found the number of fungal genera per cat varied from 1 to 9 (mean 3.2). Dermatophytes, such as Arthroderma benhamiae, A. quadrifidum, A. persicolor, and Chrysosporium sp. have previously been isolated from P. maniculatus fur (Knudtson and Robertstad 1970; Hubalek 2000) .
A greater diversity of fungi was cultured from mouse faeces than mouse fur and, paired with fungi cultured from mouse intestinal contents, demonstrate that mice 242 THE CANADIAN FIELD-NATURALIST Vol. 131 are capable of transporting viable spores of psychrotolerant fungi internally. These spores may be acquired during feeding and grooming, as five of the fungal genera cultured from faeces were also found on fur. Although faeces collected from the traps may have acquired spores from the environment, Kohl et al. (2015) found no significant difference in the microbiome between Desert Woodrat (Neotoma lepida) faeces collected aseptically and faeces collected from live traps. Macrofungi and mycorrhizal fungi are part of the omnivorous diet of P. maniculatus, and viable spores of these fungi are frequently detected in their faeces and stomach contents outside caves (Maser and Maser 1987; Pyare and Longland, 2001; Frank et al. 2006; D'Avla et al. 2007; Meyer et al. 2015) . It is thought that P. maniculatus and other rodents play a role in dispersing fungal spores across the landscape, which is of particular importance with regard to mycorrhizal inoculum (Maser and Maser 1987; Pyare and Longland 2001; Frank et al. 2006; D'Avla et al. 2007; Meyer et al. 2015) . However, mice are unlikely to transport fungal spores great distances internally, as Cork and Kenagy (1989) found that the mean retention time of Elaphomyces granulatus spores was 12.0 h (standard error 2.4) in P. maniculatus.
Nevertheless, evidence suggests that mice opportunistically feed on fungi growing in caves, such as those growing on live and dead bats, decaying leaf litter, and woody debris, or consume spores concomitant with other cave food sources such as arthropods (Peck 1988 ) and bats (Trevor-Deutsch 1973) . Therefore, mice likely play a role in fungal dispersal in underground environments. For example, we observed Microascus caviariformis growing in Dorchester Mine, and we subsequently isolated viable spores of this fungus from mouse faeces and from the gut contents. This fungus has rarely been isolated, and never outside caves (Malloch and Hubart 1987; Vanderwolf et al. 2013 Vanderwolf et al. , 2016a .
It is noteworthy that a full 33% of the summer isolates from mice were members of the genus Microascus, including related asexual anamorphs assigned to Scopulariosis spp. Species of Microascus lack the forcible discharge of ascospores common to most ascomycetes and occur in habitats where access to freely flowing air currents is limited. For species of Microascus, such habitats include stored grains, soil, dung, and caves (Barron 1961; Vanderwolf et al. 2013; SandovalDenis et al. 2016) .
Once P. maniculatus leave caves in the spring and disperse into the outside environment (Trevor-Deutsch 1973), they may carry spores of psychrotolerant fungi with them, both internally and externally, to woodland burrow systems. Winter and summer burrow temperatures of Peromyscus spp. across a diversity of habitats in North America fall within the range of temperatures at which psychrotolerant fungi will grow, e.g., mean of 10-15°C during summer and 0-6°C during winter in British Columbia, depending on habitat (Hayward 1965) . Burrow microclimate may have contributed to the diversity of psychrotolerant fungi we cultured from the fur of mice during the summer.
Several of the fungal genera we isolated from faeces are coprophilous, such as Cephalotrichum stemonitis, Thelebolus spp., and Arthroderma silverae (Currah et al. 1996; Domsch et al. 2007 ). Other fungal taxa, especially those we isolated from mice during the summer, such as Alternaria spp., Arthrinium phaeospermum, and Thysanophora spp., are often associated with plants (Domsch et al. 2007 ). Genera such as Mucor, Cladosporium, and Penicillium are ubiquitous in the outside environment (Domsch et al. 2007 ) and were more commonly isolated from mice sampled outside the mine than inside.
The relatively low psychrotolerant fungal diversity found on mice during this study is in marked contrast to the diverse fungal assemblage isolated from bats hibernating in caves in the region (Vanderwolf et al. 2013 (Vanderwolf et al. , 2016a and even arthropods at the same site ( Vanderwolf et al. 2016b ). For example, using similar methods, a mean of 8.3 (SD 3.2) fungal taxa per individual were cultured from Harvestmen (Nelima elegans; n = 9) overwintering in Dorchester Mine.
Peromyscus maniculatus remain active throughout the winter and hence do not undergo a drop in body temperature, unlike hibernating bats. This may decrease the diversity of psychrotolerant fungi on the external surface of Peromyscus. Perhaps more important, rodents are effective groomers (Murray 1961; Hallman et al. 1993) , and P. maniculatus overwintering in caves are likely to groom more frequently than hibernating bats. Mammals that regularly groom are able to limit ectoparasites (Murray 1961) and may also be able to limit the mycobiome they carry on their fur, including dermatophytes and psychrotolerant fungi.
Although the sample size of mice available to us was small, this study demonstrates that euthermic mammals occupying caves can carry a variety of viable spores of psychrotolerant fungi, both externally and internally. Small rodents using cave habitats may also play a role in dispersing psychrotolerant fungi between caves and suitable low-temperature habitats (i.e., burrows) in adjacent forest.
